Abstract: We developed a demographic simulation model to explore how population vital rates, initial size, and the addition of animals influenced the viability of an endangered population of bighorn sheep (Ovis canadensis) consisting of 8 subpopulations. Perturbation analyses indicated that quasi-extinction risk was more sensitive to changes in adult female survival than to changes in reproduction or survival of young animals. This pattern was similar in 8 subpopulations that had different initial sizes, survival rates, and recruitment rates. Subpopulation viability was related to the initial number of females and to adult female survival, but not reproduction. Management actions that increase adult survival may be most effective when implemented in the largest subpopulations, whereas actions involving the addition of animals may be most effective if implemented in subpopulations with high survival rates. Subpopulation augmentation in yearly increments was more effective at reducing quasi-extinction risk than was adding the same total number of animals at the beginning of the simulation. The level of augmentation needed to substantially reduce quasi-extinction risk exceeded reported levels of female movement among populations or subpopulations. This finding led us to speculate that rescue effects, which are uncommon events for bighorn sheep, may be too rare or of inadequate magnitude under current conditions to effectively reverse bighorn sheep population declines. Westphal 1998). We refer to population viability in a general sense as the ability of the population to persist through a 10-year period. Our first objective was to explore the relative importance of 6 vital rates on the short-term viability of subpopulations in the Peninsular Ranges, and our second objective was to assess how the addition of animals (which could occur through natural immigration or artificial augmentation) influenced subpopulation viability. Our third objective was to examine whether the viability of the entire population was influenced by the choice of subpopulation in which key vital rates were altered or to which animals were added. We conducted this analysis at plausible low and high levels of female movement among subpopulations to determine whether the rate of movement influenced quasi-extinction risk and the conservation strategy that might be most effective at reducing this risk. 796 
We developed a demographic simulation model to examine the population dynamics of bighorn sheep, and to help guide conservation strategies for this species. We used the population of desert bighorn sheep in the Peninsular Ranges (Sharp 1994 2 E-mail: wmboyce@ucdavis.edu (age-specific survival and reproductive rates) and the addition of animals. We conducted perturbation analyses (Caswell 2001 ) by comparing risks of quasi-extinction under baseline and altered demographic conditions, with risk of quasiextinction defined as the probability of a population falling to or below a given threshold number of females during a short time period (Ginzburg et al. 1982 , Burgman et al. 1993 , Beissinger and Westphal 1998). We refer to population viability in a general sense as the ability of the population to persist through a 10-year period. Our first objective was to explore the relative importance of 6 vital rates on the short-term viability of subpopulations in the Peninsular Ranges, and our second objective was to assess how the addition of animals (which could occur through natural immigration or artificial augmentation) influenced subpopulation viability. Our third objective was to examine whether the viability of the entire population was influenced by the choice of subpopulation in which key vital rates were altered or to which animals were added. We conducted this analysis at plausible low and high levels of female movement among subpopulations to determine whether the rate of movement influenced quasi-extinction risk and the conservation strategy that might be most effective at reducing this risk. 796 
METHODS

Natural History and Model Structure
We developed a stage-based matrix projection model (Caswell 2001 ) for female bighorn sheep, written in TrueBasic (TrueBasic, West Lebanon, New Hampshire, USA). We excluded males because bighorn sheep are a polygynous species and population dynamics are primarily driven by the number of females (Geist 1971 ). The model included 5 age-based stages (lambs, yearlings, 2-yr-old females, 3-yr-old females, and females >4 yr old; Fig. 1 ), selected because empirical data show that lamb production and lamb survival are lower among 2-and 3-year-old females than in older females (Festa-Bianchet 1988, Rubin et al. 2000) . Empirical data suggest that no difference exists in annual survival among age categories of adult (>2 yr old) females in this population (Hayes et al. 2000 ). The simulation model used a 1-year time step, and animals remained in the last stage (>4 yr old) until death. We chose a 1-year time step because bighorn sheep in the Peninsular Ranges are seasonal breeders with most lambs born during the spring months of February, March, and April . Census vectors were modeled as occurring 6 months after the birth of lambs, coinciding with fall helicopter surveys. Reproduction was defined as production of a 6-month-old female lamb, a definition that combines lamb production and lamb survival. Therefore, at each simulated census (as at the time of empirical censuses) yearlings were 1.5 years old, 2-year-old females were 2.5 years old, and so forth.
In the Peninsular Ranges, bighorn sheep are distributed in at least 8 subpopulations or "ewe groups" (Rubin et The diagonal elements, Ai, represented withinsubpopulation dynamics (within subpopulation i), while all other elements, Mi4j, represented between-subpopulation dynamics (movement from subpopulation i to subpopulation j). Each element in the main matrix was, itself, a 5 x 5 matrix to represent the 5 stages. Diagonal elements (the within-subpopulation matrices) had the form: 
Model Parameterization and Incorporation of Stochasticity
Our model required 6 vital rates for each subpopulation, including reproduction (percent of females recruiting a 6-mo-old female lamb) by 2-, 3-, and >4-year-old females, and stage-specific transition probabilities (the probability of a lamb surviving to become a yearling, a yearling surviving to become a 2-yr-old female, and the annual survival of females >2 yr old). We parameterized our baseline model using empirical data collected in the Peninsular Ranges (Appendix A). These data were generated from extensive field studies, which included helicopter surveys and tracking of radiocollared animals, including the monitoring of 20-40% of the estimated female population during 1993-1998 (Appendices A, B). We incorporated stochasticity by allowing vital rates to vary. At each time step, t, the value of the vital rate, xt, was determined using the following equation: xt = x + (s x Yt), where x is the mean value of the vital rate for the subpopulation, s is the standard deviation of the vital rate, and Yt is a random variable selected from a normal distribution with a mean of zero and a variance of 1. Stochastic rates of survival and reproduction were calculated at each iteration and were truncated as necessary to remain within the range of 0-1. We assumed that the empirical data on vital rates incorporated elements of demographic and environmental variation, as well as experimental error of sampling. We were unable to measure experimental error but assumed that it was small relative to demographic and environmental variation. The empirical data were from a short time period and likely underestimated longer-term environmental variation. Our intent was to compare relative quasi-extinction risks rather than to estimate absolute extinction risks.
Vital rates were assumed to be uncorrelated among subpopulations and were, therefore, determined with separate random variables (Yt) among subpopulations. This assumption was supported by the observation of independent long-term abundance trends (Rubin et al. 1998 
Model Simulations and Generation of Quasi-extinction Graphs
To address issues important to immediate conservation needs, 10-year projections were simulated with 1,000 replications per simulation. The lowest number of females over the 10 years of each replication was recorded, and the cumulative proportion of replications falling to or below each abundance threshold was used to obtain probabilities and to generate a cumulative quasiextinction curve for each simulation (Burgman et al. 1993 
Evaluating the Relative Influence of Vital Rates on Population Viability
To examine the relative importance of stage-specific vital rates to quasi-extinction risk, we examined simulations for each subpopulation separately. We ran a baseline model for each subpopulation with the vital rates set at our best approximation of actual values (Appendix A). We noted the threshold number of females in each subpopulation that corresponded to a 50% quasi-extinction probability and chose it as our reference point for perturbation analysis. We refer to this as the 50% threshold number. We conducted perturbation analyses by altering each vital rate incrementally by 5, 10, 15, 20, and 100% and recorded the new probability of quasi-extinction at the 50% threshold number. Because the choice of threshold number of females may have influenced the results, we repeated these perturbation analyses for each subpopulation using the threshold number of ewes defined for quasi-extinction probabilities of 25 and 75%.
For each subpopulation, we also examined the relationship between the 50% threshold number and 3 factors: initial population size (females >1 yr old), survival, and reproduction, by plotting values in a scatterplot. For these examinations, we used the mean adult (>2 yr old) survival and the mean reproduction of females >4 years old. The reproduction of younger females and the survival of yearlings would have resulted in the same patterns because these values originally were generated as a proportion of rates for older animals (Appendix A).
Evaluating the Effect of Adding Animals on Subpopulation Viability
To examine the influence of animal additions on subpopulation viability, we evaluated the change in quasi-extinction risk at the 50% threshold number under 2 scenarios: (1) the 1-time addition of animals at year 1, and (2) the addition of animals during each year of the simulation. For the first scenario, we modeled the addition of 1, 2, 5, 10, 20, 30, and 40 animals, and for the second scenario, we evaluated the yearly addition of 1, 2, 3, and 4 animals (resulting in a total of 10, 20, 30, and 40 animals, respectively). We modeled the addition of 2-year-old and >4-year-old females separately to determine whether the age of females influenced the effectiveness of animal additions. We assumed that augmented animals had the same survival and reproduction rates as animals already present in the group, and repeated these evaluations separately for each subpopulation in the absence of movement among subpopulations.
Evaluating Conservation Strategies and the Effect of Movement Rates on Choice of Conservation Strategy
We generated a quasi-extinction risk curve for the entire population, using baseline vital rates for each subpopulation (Appendix A). Using the results of the previous perturbation analyses to identify the vital rate having the most influence on quasi-extinction risk, we tested whether the viability of the entire population was influenced by the specific subpopulation in which the key vital rate was improved. We changed this vital rate in each of the 8 subpopulations, 1 subpopulation at a time, and compared the resulting 8 quasiextinction curves to identify the subpopulation that would have the greatest effect on the viability of the entire population. To compare pairs of quasi-extinction curves, we calculated the mean difference (change in quasi-extinction risk) between the 2 curves across all threshold numbers of females. In addition, we used scatterplots to visually examine the relationship between the rank of a subpopulation (in terms of increased population viability when survival was increased in this subpopulation) and its initial number of females, survival rate, or reproduction rate. In a similar fashion, we evaluated how the addition of animals to individual subpopulations influenced the viability of the entire population. For that evaluation, we modeled the yearly addition of 3 2-yearold females to each subpopulation, 1 subpopulation at a time, and compared the resulting 8 quasi-extinction curves for the entire population.
To assess whether model results were sensitive to the levels of movement among subpopulations, we first conducted the above analyses without including movement among subpopulations. We then repeated the analyses with a movement BIGHORN POPULATION MODELING AND CONSERVATION * Rubin et al. 
RESULTS
The Relative Influence of Vital Rates on Population Viability
When simulations were run individually for each subpopulation with vital rates set at baseline values (Appendix A), and no movement among subpopulations, the resulting quasi-extinction curves indicated a wide range of risk for the 8 subpopulations (Fig. 2) . We found that the 50% threshold number was strongly related to the initial number of females in the subpopulation (Fig. 3a) ; however, this relationship was not consistent. For example, the subpopulation in the San Ysidro Mountains south of road S-22, which started with 16 females, exhibited a larger 50% threshold number than did the Coyote Canyon subpopulation, which started with 23 females. This relationship likely was influenced by adult survival, which also appeared to be associated with the 50% threshold number (Fig. 3b) . No apparent relationship was observed between the 50% threshold number and reproduction. Perturbation analyses, conducted threshold number for each subpopul cated that of the 6 vital rates, survival >2 years of age had the greatest impa( ity for each subpopulation. Reprodu and 3-year-old females generally ha effect, while the relative influences o tion by older females and the surviv younger stages depended on the ma which they were increased (Table 1) . pie, in Carrizo Canyon, a 5% increase i vival resulted in a quasi-extinction ris] of 28.1% (Fig. 4) . A 5% change in any ( vital rates, including reproduction of survival of younger animals, resul most-a change of 5% in quasi-extinc benefit equivalent to that gained by survival among >2-year-old females by tained only by increasing reproduc year-old females (the stage with the hit duction) or survival of lambs to the ye by 100%. The increased viability that re increases in vital rates were mirrored I in viability when values of vital rate creased (Fig. 4) . The relative influen (a) vital rates on viability remained the same when this perturbation analysis was repeated using the threshold number of ewes at which the baseline curve indicated 25 and 75% quasi-extinction risk.
The Addition of Animals and its Effect on Subpopulation Viability
When the viability of individual subpopulations was considered, the addition of females had the greatest effect on the viability of the smallest sub-20 25
populations, regardless of the specific augmentation scenario (Table 2) increasing line values (Appendix A) and no females moved 5% was ob-among subpopulations, the overall population tion of 24-had nearly a 100% probability of falling to or ghest repro-below 130 females (from a starting size of 227 arling stage females) at least once during the 10 years, but ?sulted from had a low probability (nearly zero) of falling by decreases below 40 females (Fig. 5) . When female movement es were de-rates among subpopulations were increased to ice of the 6 0.04 moves/sheep-year, the viability of the entire (Fig. 5) . road S-22 (mean = 12.8%, SD = 14.7), and Carrizo Because survival of females >2 years of age had Canyon (mean = 9.8%, SD = 9.7). The rank of a the greatest influence on quasi-extinction risk for subpopulation (in terms of increased population the population and individual subpopulations viability when survival was increased in this sub- (Table 1, Fig. 4) , we continued our analysis by population) appeared to be related to its initial assessing whether the viability of the entire popunumber of females, regardless of the level of lation was influenced by choice of subpopulation migration among subpopulations (Table 3, Fig. 6 ). in which adult survival was increased by 10%. With
No apparent relationship was observed between no movement among subpopulations, quasirank and survival or reproduction rates. extinction risk of the entire population tended to Viability of the entire population was increased be reduced the most when survival was improved when a few animals (3 2-yr-old females) were in the largest subpopulations. The greatest beneadded to any 1 subpopulation on a yearly basis, and the greatest benefit was gained when animals were added to the San Ysidro Mountains north of road S-22 (mean decrease in quasi-extinction risk = 16.5%, SD = 16.2), the San Ysidro Mountains south of road S-22 (mean = 15.5%, SD = 15.7) and the San Jacinto Mountains (mean = 13.7%, SD = 12.5). The rank of a subpopulation (in terms of increased population viability when animals were added to this subpopulation) was strongly related to its survival rate (Fig. 7) , and this pattern was observed at both levels of migration among subpopulations. We did not observe an apparent relationship between rank and the initial number of females or reproduction rates.
DISCUSSION
Population modeling and perturbation analyses over a 10-year projection indicated that the viability of the Peninsular Ranges bighorn sheep population is more sensitive to changes in adult female survival than to proportionately similar changes in reproduction or survival of younger animals. This pattern was observed in simulations for each of the 8 subpopulations, even though they had different initial starting sizes, and had exhibited a wide range of recruitment levels and independent longterm trends in abundance (Rubin et al. 1998 ). The risk of quasi-extinction for individual subpopulations was inversely related to the initial number of females, in agreement with the general conservation principle that smaller populations have greater extinction risk (Gilpin and Soule 1986). However, this relationship was not consistent and likely was influenced by adult survival rates, which also were inversely related to the risk of quasi-extinction.
At the population level, the risk of quasi-extinction increased as migration rate was increased. This likely occurred because more animals were being moved into subpopulations with poor vital rates. enced by the age of added females (2 yr old vs. >4 yr old). Quasi-extinction risk was reduced more 'ig. 7. Relationship between adult survival and ranking of indi-effectively when animals were added yearly for idual subpopulations of bighorn sheep in the Peninsular tanges, California, USA. Rank indicates the relative effec-years, rather than all together at the beginning of veness in improving viability of the entire population when 3 the 10-year simulation. This is likely because ani--yr-old females were added to 1 subpopulation at a time, with ie highest rank (1) signifying the greatest effectiveness. mals that were added at the beginning of the sim-)pen circles indicate no migration among subpopulations, ulation were exposed to mortality during each nd closed triangles indicate migration rate of 0.04 year, while animals that were added sequentially loves/sheep-yr.
were essentially protected from mortality until they were added to the subpopulation. 
2) adding 2 females every year during 10 years, or (3) increasing survival of adults by 5%. The final decision likely would be influenced by factors such as the availability of animals and fiscal and logistical restraints, and should be reevaluated as additional demographic data become available. In addition, assumptions of our model, such as the assumption that augmented animals have the same survival and reproductive rates as existing animals in the subpopulation, should be further tested. It also is possible that the effect of density dependence could alter our results or conclusions. We did not include density dependence in our model because little is known about its effect on bighorn sheep; however, this assumption should be further tested. Management decisions should be based on the consideration that the ultimate conservation goal is to have self-sustaining populations. This will be facilitated by a better understanding of factors that influence the survival of adult bighorn sheep. Future research at an ecosystem level, including research on the relationships between bighorn sheep, habitat, mountain lions, and deer likely will contribute valuable information that will assist conservation efforts for this species. 
